Individual based random walk models are used to investigate the probability of surviving to reach an absorbing barrier, given a simple mortality model. This model is appropriate to the movement and subsequent recruitment of reef fish larvae that typically have a small chance of survival. We consider two simple reef environment models consisting of a simple circular reef with and without a constant cross-current. The sensing ability of the larvae is modelled as either fixed or spatially dependent, together with a fixed orientating ability. The survival probability is found to be highly sensitive to both the sensing and orientating abilities of the larvae, as well as the properties of the reef environment itself.
INTRODUCTION
Most reef fishes have a dispersing larval stage which is thought to provide the larvae a greater chance of avoiding reef predators (Bonhomme & Planes, 2000) . This dispersing stage ends when the larvae leave the pelagic environment and recruit into adult reef populations. The supply rate of larvae to reefs for recruitment is believed to be a critical determinant of the structure of reef fish populations (Doherty & Williams, 1988) , and the importance of considering supply rates is acknowledged by those managing reef fisheries and other industries exploiting these populations (Done et al., 1997) . The dispersal paths of pelagic larvae are determined by local advection in the hydrodynamic regime around reefs, and initial models assumed that fish larvae were passive during the dispersal and recruitment process (Dight et al., 1990a,b) . Such models predicted a very small recruitment probability and it was thought that recirculatory features in the lee of reefs could entrap dispersing larvae (Dight & Black, 1991) . This idea led to considerable investment in fine-scale numerical simulations of the hydrodynamic features of flows around individual reefs (Wolanski & Sarenski, 1997) . However, more recent evidence shows that fish larvae can exhibit directed motion and are not simply passive (Leis et al., 1996) , and if swimming of the larvae is included in the models then the probability of recruitment is increased . The most recent theoretical models in the literature that include swimming effects are mainly deterministic using the assumption that the introduced component of velocity due to swimming of the larvae aims directly at the target destination, see Armsworth, 2000 Armsworth, , 2001 . We shall show that such deterministic models may be too simple and that the random variability in the movement of the fish larvae can have a significant effect on the probability of recruitment.
There is a large amount of experimental data in the literature mainly from observations made around the Great Barrier Reef (G.B.R.) for various coral reef fish species. Typical current speeds measured on the G.B.R. are of the order 0.1 − 0.17 ms −1 (Frith et al., 1986) , while in situ observations suggest an average swimming speed for fish larvae of up to 0.206 ms −1 (Leis & CarsonEwart, 1997) . Further experiments on reef fish larvae suggest that they are capable of sustained swimming speeds of 0.135 ms −1 (Stobutzki & Bellwood, 1997) and between 0.04 ms −1 and 0.16 ms −1 (Fisher & Bellwood, 2002) . In situ observations also suggest that fish larvae can swim directionally and or change depth (Leis & Carson-Ewart, 1999 , 2000 . Leis et al. (1996) observed directed motion relative to the reef from 1 km away, with fish larvae moving away from the reef during the day, while Stobutzki & Bellwood (1998) measured movement towards the reef during the night in response to sound. McCauley & Cato (1998 , 2000 collected statistics of reef noise and found nocturnal peaks in noise attributed to adult reef fish calling, while Simpson et al. (2004) observe that larvae are attracted to reef noise during the settlement process. Other possible orientation cues such as chemo-sensory or visual cues are discussed by Montgomery et al. (2001) . Field experiments show that reef fish larvae have a limited time period for settlement and metamorphosis (McCormick, 1999) , and there is also evidence of periodicity in settlement dates linked to the lunar cycle, with larvae waiting in the pelagic zone until the new moon period before attempting settlement (Doherty & Williams, 1988; Robertson, 1992; Kingsford & Finn, 1997) .
In this paper we present the results of a simple model for the movement and subsequent settlement and recruitment of a population of reef fish larvae. We look at two different reef environments: a simple circular reef and a circular reef with a perpendicular cross-current, and consider two models for orientation: a fixed sensing ability and a spatially dependent sensing ability, together with a directed (but random) movement model and a simple mortality model. We use typical values for swimming speed, current speed and reef distance and look at a range of reorientation parameter values to show that the survival probability is highly sensitive to the orientating and sensing ability of the reef fish larvae. The qualitative results are general and are applicable to a number of different reef environments or fish species.
SIMULATION MODELS AND METHODS
Fish larvae movement as a biased random walk We know that reef fish larvae can swim and there is strong evidence that they can sense and orientate themselves to directional cues. However, individual variation and environmental stochasticity due to local fluid velocity and turbulence mean that they will not be able to do this perfectly. In the absence of explicit data concerning reef fish larvae reorientation we propose a biased random walk model to describe their movement as they attempt to reach the reef and recruit into the adult population. A simple biased random walk algorithm to simulate the directed movement of swimming micro-organisms is described in Codling (2003) : An individual larva moves in a straight line in a direction θ with a fixed speed s for a certain time-period τ , which is randomly drawn from a Poisson process with turning rate λ (so that the mean time period isτ = 1/λ). At the end of this time-period the larva will reorientate to face a new direction, θ. This new direction is randomly drawn from a von Mises distribution, T (θ, θ ), which is the simplest unimodal circular distribution (Batschelet, 1981; Mardia & Jupp, 1999) , and is dependent on two parameters κ and µ δ . The process then continues until an appropriate boundary is reached (in this case, either death or successful recruitment to the reef). In a population of larvae using this process, each individual larva will map out a different trajectory even if the same parameters are used by all the population. For random walkers moving with this simple model, Codling & Hill (2004a) have derived asymptotic equations for the average position, absolute velocity, and average spread of the population that are dependent on the parameters s, λ, κ and d τ (the amplitude of the mean turning angle, µ δ ).
Reorientation model
The von Mises distribution is defined for −π ≤ θ ≤ π and is dependent on two parameters, the concentration parameter, κ, and the mean turning angle, µ δ (where δ = θ − θ ). It is given by
where
The parameter κ determines the amount of randomness in the choice of new direction; if κ ≈ 0 then the choice of direction is almost entirely random, but if κ is large then the new direction chosen will be very close to the mean turning angle, µ δ . Fig. 1 shows the von Mises distribution for typical values of κ.
The mean turning angle, µ δ , is dependent on the current direction of movement, θ . In this model we use a linear reorientation (Hill & Häder, 1997; Codling & Hill, 2004a) , where the mean turning angle is largest if the larva is facing away from the preferred direction, and smallest if the larva is already facing the preferred direction (where the preferred direction is always towards the centre of the reef). If µ δ = 0 then there is no directed motion and the larvae will tend to continue in the same direction. The mean turning angle takes the form (Hill & Häder, 1997 )
where θ is the current direction of movement, θ 0 is the preferred direction of movement (towards the centre of the reef), and 0 < d τ < 1 is the amplitude of the mean turning angle. Thus, if d τ ≈ 0, then µ δ ≈ 0 and on average the larvae will not reorientate back towards the reef, but if d τ ≈ 1, then the average reorientation will be back towards the centre of the reef. If d τ > 1 we can expect over-correction, see Codling (2003) . Note that even if d τ ≈ 1, it is only the mean turning angle that produces a reorientation back towards the centre of the reef -the amount of randomness in the choice of direction (determined by κ) will still influence the actual new direction chosen. Examples of the type of trajectories generated by this algorithm are given in Fig. 2 . Although the exact mechanics of fish larvae reorientation are unknown, for the purposes of this model we think of d τ as the sensing ability of the larvae, while κ is the orientating ability or the ability of the larvae to overcome the inherent turbulence in the environment and orientate correctly to the preferred direction that has been sensed. There is a lack of experimental data in the literature that we can use to estimate the values of the reorientation parameters, κ, d τ , and λ, so in the subsequent simulations we look at a range of values for κ and d τ . Over large times, the turning rate λ does not affect the results (Codling, 2003) , and we are seeking to describe the generic types of behaviour of these fish.
Reef Model 1: Simple circular reef
We initially assume a simple model for the reef environment where the fish lar-vae move around the (x, y) plane with no current and no interactions between individuals. We assume that all larvae move in random walks as described above, with fixed reorientation parameters d τ and κ, turning rate λ and speed s, that are the same for the whole population. There is a small circular reef of radius r, centred at the point (0, C), and the fish larvae attempt to direct their motion towards the centre of this reef.
Reef Model 2: Simple circular reef with cross-current
We assume exactly the same environment as in Reef Model 1, except that a perpendicular cross-current of fixed magnitude U is introduced. Parallel currents that produce a drift either directly towards or away from the reef simply act to increase or decrease the absolute velocity of the fish larvae and the consequent survival probability. A current that takes the fish larvae towards the reef can give a non-zero survival probability for a completely passive fish, although the survival probability is increased greatly if the larvae are able to direct their motion to avoid being carried past the reef (Armsworth, 2000) .
Reef Model 3: Simple spatial sensing ability
We assume exactly the same environment as in Reef Model 1 (zero current), except that we now include a spatially dependent sensing ability. If we model the sensing ability as spatially dependent it is necessary to consider the orientation cues to the reef that the larvae use (Montgomery et al., 2001) . If the cue is sound (Stobutzki & Bellwood, 1998; McCauley & Cato, 1998 , 2000 Simpson et al., 2004) then although the fluid dynamics and turbulence of the water could effect the dispersal of the sound wave, it is not unreasonable to model the signal as spreading out in all directions from the centre of the reef. If the cues are chemical, then currents and turbulence will have a much more obvious effect on the dispersal of the signal -the orientation cue will be different depending on whether the larvae are upstream or downstream from the reef (Armsworth, 2000) . It is likely that fish larvae use a number of different orientation cues at different scales -sound at large distances, and then chemical or even visual cues at smaller distances (Montgomery et al., 2001 ). We introduce a simple spatial dependence into the sensing ability of the larva with the following linear relation
where D is the distance to the centre of the reef and d τ = 0 if D ≥ 1000 m. Thus the larvae get better at sensing as they move closer to the reef, while any larvae further than 1 km from the centre of the reef are assumed to not be able to sense it (Leis et al., 1996) . This simple spatial dependence model is reasonable if the orientation cue is sound but is less applicable if the orientation cue is chemical and there is a current present, as fish upstream of the reef would not be able to sense it (Armsworth, 2000) .
Mortality effects
To model the effects of predation and other mortality effects as the larvae attempt to reach the reef, we include a simple Poisson process death rate γ, so that at each time step there is a small but finite chance of each fish larva dying. The longer an individual larva swims around without settling on the reef and recruiting, the more likely it is to die. Pitchford & Brindley (2001) use a similar mortality model with a death rate that is dependent on the weight of each individual larva, but we assume all larvae are of a similar size and we use the same death rate for the whole population. We consider two models for the time period of settlement and recruitment:
1) Larvae attempting a settlement mission over a single night that corresponds to the new moon (Doherty & Williams, 1988; Robertson, 1992; Kingsford & Finn, 1997) . We define T to be the 'cut-off time', after which any fish larvae that have not yet reached the reef are assumed to be dead (for a single night, we use T = 10 hours). This 100% mortality after a fixed time is perhaps an over-simplification but we know that the larvae have a limited time period to settle and recruit on the reef (McCormick, 1999) . Also it seems likely that once the sun rises, the mortality rate of the larvae will increase dramatically as visual predators start to forage. 2) If there is no cut-off time then the larvae have an unlimited time to attempt to reach the reef, T = ∞, although they will still be subject to predation.
If t < T , any fish larva reaching a position (x, y) such that D < r, is assumed to have settled on the reef, successfully metamorphosed and recruited into the adult population (so any larvae reaching the reef are no longer subject to mortality in this model).
Parameter values used
Simulations of 1000 fish larvae moving in the different reef environments have been completed for various values of the parameters κ, d τ , C and U. In all the simulations the fish larvae start at the origin, (0, 0), and the population is initially orientated uniformly. We use the following parameter values in all models unless otherwise stated: the cut-off time is T = 10 hours, the speed is s = 0.1 ms −1 , the turning frequency is λ = 0.5 s −1 (so each individual will make on average 18,000 turns before the cut-off time), the initial distance to the centre of the reef is C = 500 m, the radius of the reef is r = 10 m, and the death rate is γ = ln(0.5)/36, 000 s −1 . This death rate means that the probability of surviving the effects of predation, natural death etc. for 10 hours is P surv (10hrs) = 0.5, at which point if the cut-off time is present, any surviving fish larvae that have not reached the reef are killed off. This death rate may appear arbitrary but is not unrealistic and serves to illustrate the main points in this paper. Simulations completed with higher and lower death rates produce qualitatively similar results to those shown later.
Upper bounds for the survival probability Using these parameter values, the minimum time to reach the reef is given by t min = 4900 s for Reef Models 1 and 3 (corresponding to moving directly from the origin to the edge of the reef in a straight line). The expected probability of reaching the reef and surviving in this extreme case is E(P R ) = 0.9100, which gives an upper bound for the survival probabilities in the subsequent simulations. More generally, the minimum time taken to reach the reef if a perpendicular cross-current is present is given by
which corresponds to movement slightly into the current so that the drift takes the larvae to the reef. As the current speed increases the time to reach the reef will increase with a subsequent reduction in the survival probability until U > s, when the the survival probability is zero. Models that do not include random fluctuations of the individual movement and assume all the population move directly towards the reef have been considered by Armsworth (2000 Armsworth ( , 2001 .
RESULTS

Reorientation parameters (Reef Model 1)
The plots in Fig. 3 show how the survival probability for Reef Model 1 changes as κ increases for four values of d τ . Plot (a) shows simulation results when a cut-off time of T = 10 hours is included, while plot (b) shows simulation results when there is no cut-off time and the only mortality is due to the Poisson death process. In both Fig. 3(a) and (b), the survival probability P R (d τ , κ) > 0 if d τ > 0 and κ is larger than some critical value κ crit . As κ increases past κ crit , both plots show a sudden jump from a survival probability close to zero to a survival probability that is close to the theoretical maximum (P R = 0.91), and then as κ increases further the survival probability tends asymptotically to the theoretical maximum. This sudden jump is not explained by our introduction of a cut-off time, T = 10 hours, as this has not been included in the simulation in Fig. 3(b) , although the jump in survival probability is much steeper when the cut-off is present. Recall that a low value of κ corresponds to a poor orientating ability or a highly turbulent environment, so that there is a lot of randomness in the choice of direction. If this is the case then the fish larvae can significantly improve their survival probability with only a small increase in the orientating ability. However, if the larvae are already good at orientating or the environment is not turbulent (high κ value), then a similar increase in orientating ability will not give much improvement in the survival probability.
The plot in Fig. 4 shows similar behaviour as there is a sudden jump in the survival probability for a critical value of d τ . It should be pointed out that the maximum survival probability seems to be independent of d τ and critically dependent on κ -even if the sensing ability is optimal (d τ = 1), if there is too much turbulence or the fish larvae cannot orientate to the preferred direction very well (small κ) then the survival probability will always be low. The plot is roughly symmetric about d τ = 1, illustrating that in the linear reorientation model, over-correcting by a certain amount has the same effect as under-correcting. Simulations have been completed with different values for the speed, turning rate, reef radius and death rate, but the results are not qualitatively different and there is the same sudden jump in survival probability for critical values of the reorientation parameters. For the same reorientation parameter values, the survival probability is found to be lower if there is a higher death rate, the reef is smaller or the speed of movement is smaller.
Cross-current (Reef Model 2)
The plot in Fig. 5(a) shows how the simulation survival probability for Reef Model 2 (including the cut-off time of T = 10 hours) changes as κ increases for 4 values of d τ . The behaviour is similar to the results for Reef Model 1 as there is the same sudden jump in survival probability for critical values of the reorientation parameters. Comparing the results for Reef Models 1 and 2, it is clear that the addition of the perpendicular cross-current in Reef Model 2 results in a much lower survival probability for the same parameter values. Fig. 5(b) shows how the simulated survival probability for Reef Model 2 with fixed parameter d τ = 0.5 changes as U increases. As expected from Equation (5), P R → 0 as U → s, but the behaviour is not smooth and features a sudden jump similar to that discussed previously. For fixed reorientation parameters, the survival probability is critically dependent on the current magnitude, U. For small U, the survival probability is close to the upper bound predicted, with a slow decrease in survival probability as U increases. However, once U > U crit there is a substantial drop in the survival probability which becomes close to zero. If the current is faster than the speed of movement, U > s, then the fish larvae have zero survival probability in this reef environment. As with Reef Model 1, simulations have been completed with different parameter values but the results are not qualitatively different. A current that is parallel rather than perpendicular to the reef, simply acts to increase or decrease the absolute velocity of the fish larvae. Simulations with a parallel current produce qualitatively similar results to Reef Model 1, with either an increase or decrease in survival probability for the same parameter values, depending on whether the fish larvae start upstream or downstream of the reef (see also Armsworth (2000) ).
Initial distance to the reef (Reef Models 1 and 3) Fig. 6(a) shows how the survival probability for Reef Model 1 (fixed sensing ability, d τ = 0.5) changes as the initial distance from the centre of the reef, C, increases. Initially there is an approximately linear decrease in the survival probability before a sudden drop at some critical distance, C crit . The value of C crit corresponds to the average distance that can be covered before the cut-off time, T = 10 hours, and is larger when the movement is less random (larger values of κ). Note that in the plot shown in Fig. 6(a) , the values of C crit for κ = 2 and κ = 4 are greater than 2000 m and not shown. If there is no cut-off time, the decrease in survival probability is linear as C increases until the simulation survival probability reaches zero. Fig. 6(b) shows how the survival probability for Reef Model 3 (spatially dependent sensing ability, d τ (x)) changes as the initial distance from the centre of the reef, C, increases. The initial decrease in survival probability is again approximately linear, followed by a sudden drop as C increases past some critical value. In Reef Model 3, the critical value is either the average distance travelled before the cut-off time or approximately 1000 m (at which point d τ (x) = 0 and the larvae can no longer sense the reef) whichever is smaller. It is interesting to note that if κ is large and the motion is less random, the survival probability is still non-zero for C > 1000 m, even though the larvae are unable to sense the reef. This is explained by the fact that if κ is large the average dispersion is greater (Codling, 2003; Codling & Hill, 2004a) and it is more likely that some larvae will move within 1000 m and become able to sense the reef even if their initial movement is not directed.
DISCUSSION
Using a simple individual based biased random walk model that includes mortality effects, we have been able to model the movement and subsequent recruitment of a population of reef fish larvae. By examining a range of reorientation parameter values (corresponding to a range of sensing and orientating abilities) together with realistic values for swimming speed, current speed and reef distance, we have shown that the survival probability is critically dependent on the parameters describing larval sensing and swimming ability. Further experimental work is necessary to find realistic values for the reorientation parameters of reef fish. Methods for analysing trajectories of movement are available (Hill & Häder, 1997; Codling & Hill, 2004b) , although logistical restraints limit experiments designed to establish orientation cues used at small scales of the order of metres (Sweatman, 1988; Stobutzki & Bellwood, 1998 ).
An extension to the model that may be worth considering is a variable death rate γ(x) depending on the spatial position (there is more chance of being eaten closer to the reef), and also the depth of the fish larvae (which would require a three dimensional simulation model). There is evidence that fish larvae can sense predators and will move away and or change their depth to avoid being eaten, see Leis & Carson-Ewart (1999) . There is also the possibility that fish larvae use the fact that currents are different magnitudes (and possibly even different directions) at different depths, to maximise their chances of reaching the reef (Armsworth, 2001) . Further simulations could also include variability in the individual larvae (different sizes or speeds of movement), or the effects of interactions between individual larvae. Our simple generalised model has shown that in different reef environments the survival probability is critically dependent on the reorientation parameters used, corresponding to the ability of the fish larvae to both sense the reef and then reorientate and direct their motion towards it. What seems certain from our results is that passive advection of reef fish larvae through pure diffusion or relying on favourable currents is likely to result in a very low survival probability. By possessing even rudimentary sensing and reorientation abilities, reef fish larvae will dramatically increase their chances of surviving to reach the reef and recruit into the adult population. 
